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Abstract
Background: The dieback epidemic decimating common ash (Fraxinus excelsior) in Europe is caused by the
invasive fungus Hymenoscyphus fraxineus. In this study we analyzed the genomes of H. fraxineus and H. albidus, its
native but, now essentially displaced, non-pathogenic sister species, and compared them with several other
members of Helotiales. The focus of the analyses was to identify signals in the genome that may explain the rapid
establishment of H. fraxineus and displacement of H. albidus.
Results: The genomes of H. fraxineus and H. albidus showed a high level of synteny and identity. The assembly of
H. fraxineus is 13 Mb longer than that of H. albidus’, most of this difference can be attributed to higher dispersed
repeat content (i.e. transposable elements [TEs]) in H. fraxineus. In general, TE families in H. fraxineus showed more
signals of repeat-induced point mutations (RIP) than in H. albidus, especially in Long-terminal repeat (LTR)/Copia
and LTR/Gypsy elements.
Comparing gene family expansions and 1:1 orthologs, relatively few genes show signs of positive selection
between species. However, several of those did appeared to be associated with secondary metabolite genes
families, including gene families containing two of the genes in the H. fraxineus-specific, hymenosetin biosynthetic
gene cluster (BGC).
Conclusion: The genomes of H. fraxineus and H. albidus show a high degree of synteny, and are rich in both TEs
and BGCs, but the genomic signatures also indicated that H. albidus may be less well equipped to adapt and
maintain its ecological niche in a rapidly changing environment.
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Background
Historically, plant disease epidemics have had unprece-
dented consequences to the global society. Many of the
global pandemics and species declines associated with
emerging infectious diseases (EIDs) have been a result of
human-mediated intercontinental trade and transporta-
tion of plant material [1]. In Europe, an epidemic is cur-
rently occurring on common ash (Fraxinus excelsior) – a
keystone tree species in European temperate forests. The
disease, commonly known as ash dieback, was first ob-
served in the early 1990s [2, 3] and has since spread to
most European countries dramatically reducing the size
of the common ash population and threatening the or-
ganisms depending on the tree species for their survival
[4]. The causal agent of the disease is the ascomycete
fungus Hymenoscyphus fraxineus Baral, Queloz, Hosoya
[5] that originates in East Asia [6–10] and is considered
to be an EID on the European continent. The low gen-
etic variation among European H. fraxineus populations
indicates a severe genetic bottleneck that is in line with
the EID hypothesis [10–12]. The European H. fraxineus
population was likely founded from the Asian ancestral
population by only two different haplotypes [12].
In its native range in east Asia, H. fraxineus behaves as
an endophyte on its native host Fraxinus mandshurica,
where it inhabits the living leaves asymptomatically dur-
ing the growing season. Once the leaves have fallen, it
behaves saprotrophically [10, 13]. However, in artificial
inoculations of stems of F. excelsior and F. mandshurica,
necrotic lesions occur in both species [14]. Its sister spe-
cies Hymenoscyphus albidus, native to Europe, is non-
pathogenic on F. excelsior and F. mandshurica [15, 16].
Hymenoscyphus albidus predominantly acts as a sapro-
troph on fallen ash leaves and rachises in the leaf litter,
possibly preceded by asymptomatic colonization of
leaves prior to leaf shed [17]. Both fungal species have a
prolonged saprotrophic growth phase after the leaves
have fallen, and form pseudosclerotia on the remaining
rachises and veins after the leaf blades have disappeared
[17]. The pseudosclerotia of both H. fraxineus and H.
albidus act as survival structures during winter, followed
by the development of apothecia and spores in the
spring [17]. Apart from the differences in the lifestyle of
Hymenoscyphus species on European ash (H. fraxineus
appearing pathogenic and H. albidus being mainly
saprotrophic), the breeding systems of the fungi differ;
H. fraxineus is outcrossing while H. albidus is reported
to be self-fertile [18]. The genomes of H. fraxineus and
H. albidus were first published by Stenlid et al. [19]. The
study reports broad similarities in the gene content of
the two Hymenoscyphus species including an extensive
repertoire of cell wall-degrading enzymes compared to
other Helotialean fungi. This expansion is consistent
with their long saprotrophic growth phase degrading leaf
rachises [17], or possibly with a necrotrophic lifestyle.
Sequencing of fungal and oomycete genomes has led
to an improved understanding of genomic signatures of
adaptation in fungi, highlighting the roles of effector
proteins, specialized metabolites and repeat/transposable
element-rich regions in the genomes in ecological niche
colonization [20–22]. Transposable elements (TEs) are
impactful drivers of genome evolution and adaption [23,
24]. For instance, comparative genomic studies have re-
vealed that pathogenic fungi tend to have higher TE ac-
cumulation compared to non-pathogenic taxa [24].
Transposable element insertions can also cause mating
system transition by rearranging the fungal mating-type
locus [25–27]. The observation from some filamentous
pathogen genomes that genes located in repeat-rich re-
gions tend to evolve faster than those in the rest of the
genome, have led to the formulation of the so called
two-speed genome hypothesis which proposes that the
gene sparse, TE-rich region drives adaptive evolution in
fungi [20]. Obviously, the proliferation of TEs can have
powerful, even deleterious, effects in their hosts [28, 29].
Although purifying selection or genetic drift may be im-
portant determinants to restrict the spread of TEs across
the genome [30–32], the harmful potential of TEs has
led to the evolution of genome control mechanisms of
TE proliferation. Recognition of multicopy DNA se-
quences, e.g. TEs, can trigger their modification in fungi.
Multicopy DNA sequences can undergo cytosine methy-
lation (Methylation Induced Premeiotically, MIP), or
Repeat-Induced Point mutations (RIP). RIP introduces
point mutations in and adjacent to repetitive sequences
that may introduce stop codons or shift DNA methyla-
tion patterns [33–35], inhibiting the further expansion
of the multicopy elements by preventing the expression
of any remnant coding regions [34].
Specialized or secondary metabolism defines metabolic
pathways involved in the biosynthesis of a wide variety
of small molecules that are characterized by being non-
essential for the survival of the organism. Fungal special-
ized metabolites are associated with e.g. antibiosis, viru-
lence, and/or host-specificity [36] and necrotrophic
pathogens are thought to use effector proteins, proteases
and carbohydrate-active enzymes, as well as specialized
metabolites to colonize their hosts [37]. Consequently,
necrotrophic pathogens can harbour an expanded reper-
toire of specialized metabolite enzymes [36]. Fungal pri-
mary and specialized metabolic pathways are often
clustered into biosynthetic gene clusters (BGCs). Gener-
ally speaking, BGCs may include genes coding for en-
zymes that catalyse specialized metabolite biosynthesis,
transport proteins that export the metabolite out of the
cells, and transcription factors that activate expression of
the genes in the BGC. BGC repertoires in fungal
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genomes contribute significantly to ecological niche
adaptation of fungi [22, 38]. Consequently, in fungi,
genes associated with biosynthesis of secondary metabo-
lites, both those that are found in BGCs and those out-
side, often show signs of diversification, i.e. duplication
and horizontal gene transfer, in and between species
[38]. Hymenoschypus fraxineus produces a broad
spectrum of different specialized metabolites under la-
boratory conditions [39–46] but their biosynthetic path-
ways and their role in the interaction with European and
Asian ash species is often unclear. For instance, viridiol,
which was one of the first compounds to be isolated
from cultures of H. fraxineus, has phytotoxic activity in-
ducing necrosis on ash tissues in bioassays [39, 47], how-
ever viridiol is also produced by H. albidus [48], which
does not induce dieback on its host. Hymenosetin is an-
other secondary metabolite produced by H. fraxineus
with wide activity spectrum and could therefore consti-
tute a defence agent that the pathogen secretes to com-
bat competing fungi and bacteria in its natural
environment [43].
The overall aim of this study was to use the genome
sequences of H. fraxineus and H. albidus [19] to improve
the understanding of the genetic mechanisms that
allowed H. fraxineus to become an EID on the European
continent. We compared the genomic architecture and
rates of evolution of H. fraxineus and H. albidus to those
of six other members of Helotiales. Our aim was to test
for differences in TE composition, specialized metabolite
biosynthesis gene content and selection patterns be-
tween the H. fraxineus and H. albidus genomes, in the
context of lifestyle and mating system. We additionally
focused on the identification of BGCs of above-
mentioned known secondary metabolites from both
Hymenoscyphus species.
Methods
Genome and transcriptome sequencing
Hymenoscyphus fraxineus (nf4) and H. albidus (111/1/4)
DNA were extracted and sequenced at the Science for
Life laboratories´ (Uppsala Sweden) As described in
Stenlid et al. [19] In brief, 500 bp insert libraries were se-
quenced using a paired end protocol with 100 sequen-
cing cycles from each end on an Illumina HiSeq 2000
sequencer. Long mate pair inserts were sequenced using
ABI SOLiD Exact Call Chemistry. For H. fraxineus, two
libraries with insert sizes of 3 kb and 8 kb were se-
quenced, and for H. albidus a single library with an in-
sert size of 3 kb was sequenced. All mate pair libraries
were sequenced with 60 bp from each end.
For transcriptome sequencing, cultures were harvested
by filtration and the mycelia were flash frozen in liquid
nitrogen and stored at -80 °C until extraction. Total
RNA was extracted using RNeasy Plant Mini Kit
(Qiagen). Samples were treated with DNaseI (SIGMA)
to remove the genomic DNA and the RNA integrity and
concentration were measured on a BioAnalyzer 2100
(Agilent). Between 2 and 5 µg of total RNA per sample
was sent to Science for Life laboratories (Uppsala,
Sweden) for sequencing 100 bp paired end reads on an
Illumina HiSeq 2000 platform.
Quality filtering and assembly
Raw reads from the Illumina platform were quality fil-
tered using Nesoni (https://github.com/Victorian-
Bioinformatics-Consortium/nesoni ) to remove low
quality sequences and adaptor sequences. Filtering
thresholds were set to minimum Q20, and a minimum
of 75 bp read length after quality clipping. Only
complete pairs were kept for the assembly. Raw reads
from the ABI SOLiD platform were quality filtered with
the same parameters, except that the minimum read
length was set to 35 bp. The genomes were assembled to
contigs using Illumina reads with ABYSS version 1.3.6
[49]. K-mer length was optimised to maximize N50.
Contigs were subsequently scaffolded using both Illu-
mina paired end reads and the SOLiD long insert reads
with SSPACE 2.0 [50] with the additional options to re-
duce the required overlap (–m 25), minimum coverage
to call a base (-o 15) and enable contig overlap extension
(-x 1). Finally, gaps were closed using the SOAPdenovo
gapcloser utility[51] with default parameters, using Illu-
mina paired end reads. Assemblies were evaluated with
FRCAlign [52], and genome completeness was also eval-
uated using CEGMA [53].
Gene model annotations
Structural gene annotations were performed with MAKE
R2 version 2.31.6 [54]. MAKER was configured to use
the SNAP, Augustus and GenemarkES [55–57] ab initio
gene predictors. GenemarkES was trained using the sup-
plied auto-training function. SNAP and Augustus were
initially trained using CEGMA annotated genes. Next,
proteomes of Meliniomyces bicolor strain E, Neocosmos-
pora sp. 77-13-4 (=Nectria haematococca MPVI) (v2.0),
Botrytis cinerea B05.10, Fusarium graminearum PH-1,
and Neurospora crassa OR74a were used as evidence in
the MAKER runs. Furthermore, we assembled the pure
culture RNASeq data into transcripts, using a genome-
guided Trinity method [58], which was also provided as
evidence to MAKER. After the initial training of SNAP
and Augustus, MAKER was run with a single predictor
(SNAP or Augustus) to create a first set of hinted- and
evidence-supported gene models from the two ab initio
predictors. These sets were then filtered to only contain
genes with RNASeq support, and an annotation edit dis-
tance (AED) score less than 0.2. Thereafter, SNAP and
Augustus were iteratively retrained using their respective
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preliminary MAKER gene sets. Finally, MAKER was run
with all three predictors enabled, to create a final gene
set. Provisional descriptions of the gene models were
assigned through the best BLAST hit of the predicted
protein against the UniProt database (downloaded 2014-
01-31), with an e-value cut-off of 10− 20. Automated
functional annotations, including e.g. GeneOntology
(GO), Pfam domains, signal peptides and transmem-
brane domains, were assigned to all predicted proteins
using InterProScan (version 5.18, database version 57.0).
The predictions and evidence were visualised using the
JBrowse genome browser (http://jbrowse.org/ ).
To enable comparative genomic analysis of the focal
species in a phylogenetic framework, we used other pub-
lished Helotialean fungi for comparisons. The genomes
used were Ascocoryne sarcoides NRRL 50,072, B. cinerea
T4, Glarea lozoyensis ATCC 74,030, Marssonina brun-
nea f. sp. multigermtubi MB_m1, Sclerotinia sclero-
tiorum 1980, and Sclerotinia borealis F-4128, as well as
the outgroup Blumeria graminis DH14 [59–65]. Since
the gene annotations of these species were produced
with a variety of different annotation pipelines and vary
in age, we re-annotated them with MAKER following
the same procedure as we used for the Hymenoscyphus
species and utilising the available EST or RNASeq evi-
dence that was available in conjunction with the genome
sequences.
Whole genome alignments
Whole genome alignments between H. fraxineus and H.
albidus genomes were established using the whole gen-
ome alignment suite Mercator [66]. Mercator needs a
set of anchoring points in order to create an initial syn-
teny graph. We used the set of whole genes to establish
syntenic blocks, and ran Mercator with default parame-
ters and minimum run length set to 3. Final global align-
ments of the syntenic blocks were then done using
MAVID [67]. Glarea lozoyensis ATCC 74,030 [59] was
included as an outgroup in the alignments.
Transposable element analyses
The repeat contents of the genomes were annotated
using a combination of RepeatModeler Open-1.0.6 [68]
for de novo discovery of repeat sequences and Repeat-
Masker to annotate repeats within the genomic sequence
based both on the standard repeat masker libraries and
the de novo discovered repeat libraries (http://www.
repeatmasker.org). All TEs reported at standard settings
were used for the subsequent analysis. This includes
both complete, but also partial/degraded TEs. Subse-
quently, three different indexes for the presence of RIP
mutations were calculated for each repeat family: RIP
product index [69, 70], RIP substrate index [69, 70] and
composite RIP index (CRI) [71]. CRI was calculated in
non-overlapping 50 bp windows of all TEs and in
500 bp windows of the assemblies with the size larger
than 1 Kb. The calculations were performed using the
Perl script “RIP_index_calculation.pl” provided by Gioti
and co-workers [35]. To quantify the expansion rates of
the two largest TE families, LTR/Gypsy and LTR/Copia
elements, we first counted the copy numbers for both
families in H. fraxineus, H. albidus and G. lozoyensis.
Then reciprocal best BLASTN search, using default set-
ings, was performed between the TE sets of the three
species. Copies showing any similarity were considered
to originate from the common ancestor while the others
were considered a result of lineage specific gene expan-
sions. The ratio of total number of copies to that in the
ortholog-group was regarded as an estimate of the ex-
pansion rate.
Comparative genomics of H. fraxineus and H. albidus and
tests for selection
One-to-one orthologous between H. fraxineus and H.
albidus genes, and three-way orthologous between H.
fraxineus, H. albidus and G. lozoyensis were established
using reciprocal best BLASTP between predicted protein
sequences, with a cut off E-value of 1e-20 using NCBI
BLAST + 2.2. Transcripts of all gene pairs and triplets
were aligned using MACSE version 1.01b [72]. MACSE
is a codon-aware aligner, which does the initial align-
ment on translated amino acid sequences. The align-
ments were subsequently filtered to exclude any
alignment where the ratio between the shortest sequence
and total alignment length was below 0.9, to avoid misa-
ligned genes. We used codeml from the PAML package
[73] to calculate synonymous divergence, as well as ω
values for all gene pairs. To identify genes evolving
under positive selection, we again used codeml from the
PAML package by comparing codeml model 7 to model
8 using the likelihood ratio test. Briefly, this test com-
pares whether a model allowing three classes of ω ratios
(< 1, 1 and > 1) among the sites in the alignments gives a
better fit than the model only allowing the two classes of
ω ratios < 1 and 1. The obtained P values were corrected
for multiple testing using the FDR (Benjamini-Hoch-
berg). To test for overrepresentation of functional
groups (defined as GO categories) among the non-
neutrally evolving genes we compared the frequencies of
GO categories within the group versus the frequency in
the complete proteome. We used Fisher´s exact test,
with the FDR applied to correct for multiple testing, as
implemented in goatools[74].
Identification of gene families and evolution
Gene families were established using OrthoMCL [75].
Protein sets from our annotations of the Helotialean
species were clustered with an expansion factor
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parameter set to 1.5. To test for expansions and contrac-
tions among the gene families, we used CAFE version
3.1 [76] with default settings and let the program esti-
mate the underlying birth-death ratio. CAFE requires an
ultrametric phylogenetic tree describing the relationship
between the species. This tree was constructed as de-
scribed in [19].
Annotation of secondary metabolite biosynthesis gene
clusters (BGCs)
BGCs were annotated in all genomes using the anti-
SMASH pipeline version 3.0.5.1 run in stand-alone
mode [77]. Conservation of BGCs between Hymenoscy-
phus spp. and G. lozoyensis was evaluated by ortholog
sharing. Any two BGCs sharing three or more ortholo-
gous genes between the species, as identified by
OrthoMCL clusters, were considered shared between
the species.
Annotation of specific BGCs in H. fraxineus and H. albidus
genomes
In order to identify the BGCs of viridiol and hymenose-
tin in our examined Hymenoscyphus genomes, we used
previously described BGCs of fungal metabolites with
high structure similarity to these two known secondary
metabolites [39, 43, 78–80]. The H. fraxineus and H.
albidus protein databases were queried with protein se-
quences of putatively related BGCs using the BLASTP
algorithm to identify high scoring sequence alignments.
In the case of viridiol, our analyses were based on the
vid cluster responsible for the assembly of the viridiol
congener demethoxyviridin that was found in a Nodulis-
porium species [78, 81]. The Baeyer-Villiger monooxy-
genase VidF (Genbank ID AVY05513) of the vid cluster
served as template for the manual BLASTP search
against the two Hymenoscyphus protein databases.
Thereafter, a synteny analysis was conducted between
the Nodulisporium vid BGC and the candidate cluster
from H. fraxineus and H. albidus to confirm their poten-
tial role as viridiol BGC. Similarity searches were based
on the TBLASTX algorithm and visualized with the clin-
ker tool[82]. Likewise, for the localization of the hyme-
nosetin BGC we used the known equisetin (eqx) BGC
from Fusarium heterosporum [79, 80]. Equisetin is a 3-
decalinoyltetramic acid derivative with high structure
similarity to hymenosetin [43]. BLASTP search for high
scoring sequence alignments with the protein sequences
of the 11 members of the eqx BGC in the two Hymenos-
cyphus genomes was performed followed by a synteny
analysis of the results to reveal a potential candidate
gene cluster for hymenosetin.
Results
High genome similarity in Hymenoscyphus synteny blocks
The genome assembly of H. fraxineus comprises 137
scaffolds with an N50 of 997 kb for a total sequence
length of 64.2 Mb. The genome assembly of H. albidus
comprises 756 scaffolds with an N50 of 135 kb for a
total sequence length of 51.2 Mb (Table 1). Both ge-
nomes are AT-rich, with a G + C content of 37.4 and
44.6 % in H. fraxineus and H. albidus, respectively.
Gene models were predicted using the same MAKER
pipeline for all eight fungal genomes in the Helotiales
and the outgroup B. graminis, in order to minimise any
biases due to different gene prediction methodologies. In
total 14,069 and 13,947 putative genes were identified in
H. fraxineus and H. albidus, respectively (Supplementary
table S1). The coding gene space occupies approximately
25 Mb in both Hymenoscyphus species (Fig. 1), which is
the largest among all compared Helotiales genomes: only
G. lozoyensis has an approximate coding gene space lar-
ger than 20 Mb. 53 and 54 % of the predicted transcripts
in H. fraxineus and H. albidus, respectively, were sup-
ported by gene expression data. However, on average
only 58 % of the genes were assigned to Pfam domains
and 39 % had UniProt homologies, which were lower
than the six other Helotialean species (Pfam: from 61 to
65 %; UniProt: from 42 to 48 %, Supplementary table
S1).
A whole genome alignment of H. fraxineus and H.
albidus was produced using the Mercator whole genome
alignment suite. Mercator alignments were anchored
using whole genes, thus providing synteny blocks of
genes between the genomes. We found 10,427 syntenic
blocks between the two Hymenoscyphus species with the
largest block of 105 genes and a block N50 of 21 genes
(i.e. 50 % of the genes are found in syntenic blocks con-
sisting of 21 genes or more).
We also evaluated DNA sequence conservation in 1 kb
sliding windows along the genomes. Comparing H.
Table 1 Summary statistics for the assemblies of
Hymenoscyphus fraxineus and H. albidus
H. fraxineus H. albidus
Assembly length: 64.2 Mb 51.2 Mb
Gap length: 0.45 Mb (0.71 %) 0.42 Mb (0.83 %)
G + C content: 40.10 % 44.40 %
Longest scaffold: 2.99 Mb 0.61 Mb
N50: 997 kb (n:20) 135 kb (n:108)
Number of scaffolds > 1 kb 137 756
CEGMA Complete 96.4 % 95.6 %
CEGMA Partial 97.2 % 96.8 %
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fraxineus and H. albidus, we found 39.1 Mb sequences
aligned with an average of genome-wide sequence iden-
tity equal to 77 %.
Recent expansion of transposable elements in
Hymenoscyphus
Most of the genome size differences between the two
Hymenoscyphus species can be attributed to increased
dispersed repeat content in H. fraxineus. In general, H.
fraxineus had 24.2 % of its genome assembly identified
as TEs while this number was 10.4 % in H. albidus
(Fig. 1, and Table 2). The observed difference in repeat
content was not only caused by copy number differences
(3410 more repeats are detected in H. fraxineus than in
H. albidus) but also due to the fact that they were on
average 2.9 times longer in H. fraxineus than those of H.
albidus (Supplementary table S2). For example, a mark-
edly larger number of DNA/TcMar-Fot1 copies were
identified in H. fraxineus (1335 versus 7 in H. albidus),
the TE copies also had a significantly longer mean length
(479 bp compared to 106 bp). Additionally, large parts
of the repeat contents (7 Mb of the H. fraxineus and
3 Mb of the H. albidus genomes) were potentially novel
and identified as “unknown” by RepeatModeler. In con-
trast to Hymenoscyphus spp., the percentages of the dis-
persed repeat contents in G. lozoyensis were low (2.2 %,
Fig. 1; Table 2). However, it is well known that TE-rich
genomes can be problematic to assemble with short-
Fig. 1 Genome composition of H. fraxineus, H. albidus and seven other Helotialean species. Gene models and repeats were predicted using the
same MAKER and RepeatMasker pipelines, for all eight fungal genomes in the Helotiales (Hymenoscyphus fraxineus, Hymenoscypus albidus, Glarea
lozoyensis, Ascocoryne sarcoides, Marssonina brunnea, Sclerotinia borealis, Sclerotinia sclerotiorum and Botrytis cinerea) and the outgroup
Blumeria graminis
Table 2 The distributions of TEs, RIP, CRI, and GC percentages
Species TEs%a RIP% (genome)b RIP% (TE)c mean CRI (RIP)d GC% (genome)e GC% (TE)f GC% ratiog
H. fraxineus 24.16 40.85 92.91 1.66 37.37 33.87 0.59
H. albidus 10.44 24.28 58.47 1.15 44.58 41.59 0.87
G. lozoyensis 2.17 9.47 87.77 1.75 45.74 35.7 0.75
A. sarcoides 1.48 11.0 79.63 1.25 46.49 41.49 0.48
M. brunnea 39.95 46.31 76.80 1.08 40.99 36.15 0.88
S. borealis 4.66 8.05 40.97 0.63 39.40 35.50 1.06
B. cinerea 1.17 2.87 38.19 0.7 43.07 38.05 1.00
S. sclerotiorum 5.88 6.42 39.00 0.75 41.78 39.10 1.00
B. graminis 43.24 6.98 27.93 0.67 41.88 43.69 0.96
a the percentage of dispersed repeats (transposable elements) in the genomes; b the percentage of detected RIP signatures across the whole genome; c the
percentage of detected RIP signatures across the TE’s in the genome; d mean composite RIP index; e the percentage of GC nucletides in the whole genome; f the
percentage of GC nucleotides in the TE’s and g: mean GC% ratio of RIPed to unRIPed TEs across all types
Elfstrand et al. BMC Genomics          (2021) 22:503 Page 6 of 15
read technologies. The observed size difference between
the assemblies is 11 Mb. Moreover, the expected size
difference between the genomes can be extrapolated
from Illumina read coverage on the 50 % largest scaf-
folds. The extrapolation indicates that the size difference
between the genomes is 4 Mb. This suggests that while
some of the difference might be explained by collapsed
repeats in the H. albidus assembly at least 4 Mb of size
difference can be attributed to true differences between
the genomes.
To identify the fraction of RIP-inactivated TEs, we cal-
culated a Composite RIP index, CRI, in sliding windows
of the whole genome as well as of TEs. On average,
40.9 % of the H. fraxineus genome showed characteris-
tics of RIP (CRI > 0) while only 24.3 % of the H. albidus
genome had such signatures. Altogether, 92.9 % of TE
sequences in H. fraxineus were inactivated by RIP (mean
CRI = 1.66) whereas only 58.5 % of TEs in H. albidus
were inactivated by RIP (mean CRI = 1.15) (Table 2). RIP
inactivated TEs are accompanied by lower GC content
[71]. Hymenoscyphus albidus had a higher GC% com-
pared to H. fraxineus across the whole genome (44.6 %
versus 37.4 %) as well as in TEs (41.6 % versus 33.9 %).
The average ratio of GC% comparing TEs with RIP, to
TEs without RIP was 0.87 in H. albidus, higher than that
in H. fraxineus (0.59). In summary, 16 TE families in H.
fraxineus were identified to have typical RIP patterns, in-
cluding large sizes of RIP regions, high CRI values, and
low GC%, especially in Long-terminal repeat (LTR)/
Copia and LTR/Gypsy elements (Supplementary table
S3). In contrast, only three TE families in H. albidus
were enriched for such RIP patterns.
We further tried to quantify the copy number expan-
sion rates of LTR/Gypsy and LTR/Copia elements, the
two largest TE families in H. fraxineus, H. albidus and
G. lozoyensis since their most recent common ancestor.
For LTR/Gypsy, in total 1866, 1915, and 405 copies were
identified in the three species, respectively. The LTR/
Gypsy elements were on average 2.6 times longer in H.
fraxineus than in H. albidus and 2.9 times longer than in
G. lozoyensis (Supplementary Table 2). Only 78, 4, and
17 copies, respectively, were detected by reciprocal
BLASTN analysis between the TE sets. If we make the
conservative assumption of an ancestral copy number of
at most 78 we estimate approximately a 24-fold increase
in H. fraxineus and H. albidus LTR/Gypsy, whereas a
five-fold LTR/Gypsy expansion was estimated for G.
lozoyensis. In H. albidus RIP signatures were largely ab-
sent in this TE family in contrast to H. fraxineus and G.
lozoyensis (Supplementary table S3). On the other hand,
for LTR/Copia all three species showed enriched RIP
signatures (Supplementary table S3). Among these re-
peats we found 3320, 491, and 64 copies for H.
fraxineus, H. albidus and G. lozoyensis, respectively.
Again the TE’s were longer in H. fraxineus than in the
other two taxa (Supplementary table S2). BLASTN simi-
larity analysis identified 715 conserved copies for H.
fraxineus and 164 copies for H. albidus but none for G.
lozoyensis. This case is consistent to the genomic back-
ground H. fraxineus showing higher expansion rate than
H. albidus (4.6 versus 3-fold, fisher exact test p-value =
5.94e-9).
Relatively few genes show signs of positive selection
between H. fraxineus and H. albidus
To test for signs of positive selection, we created two-
and three-way alignments of genes found to be two-way
orthologs between the two Hymenoscyphus species, or
three-way orthologues between H. fraxineus, H. albidus
and G. lozoyensis.
In the pairwise comparisons, we used a maximum like-
lihood approach as implemented in the PAML package
to test a model allowing for sites with positive selection,
neutral evolution, and negative selection (ratios of syn-
onymous to non-synonymous changes in the DNA se-
quence, ω > 1, ω = 1, and ω < 1 respectively) versus a
model only allowing for negative selection or neutral
evolution (ω < 1 and ω = 1). We identified 186 genes
showing signs of positive selection (likelihood ratio test,
p < 0.05 after Holm correction for multiple testing)
(Fig. 2, Supplementary table S4). Gene Ontology annota-
tions on the gene set indicates that most genes detected
are involved in primary metabolism. One notable excep-
tion is a significant enrichment of GO:0044425
Fig. 2 Plot of ω values in genes differently evolving in H. fraxineus
(outcrossing) and H. albidus (selfing). In this case differently
evolving means better fit of our data to a two-ratio model allowing
for a difference in ω between H. fraxineus and H. albidus branches in
the tree. For clarity only the differentially evolving genes are plotted
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(membrane_part), indicating a membrane localisation of
these proteins. In the three-way comparison, we instead
tested a model assuming one ω shared between the two
Hymenoscyphus species, versus a model where each spe-
cies was allowed to have a separate ω, thus effectively
testing for genes where the function has diverged be-
tween the two Hymenoscyphus species. We identified 59
genes where a model with different ω for the Hymenos-
cyphus species had a better fit than with constant ω
(Supplementary table S4). Among these genes, 34 had
UniProt homologies.
Secondary metabolite gene families in Hymenoscyphus
show signs of rapid changes
An analysis of the evolution of the sizes of OrthoMCL
gene families among the Helotiales genomes using CAFE
identified 26 gene families that showed significant
changes in copy numbers of paralogous genes between
the two Hymenoscyphus species or on the branch to
Hymenoscyphus/ Glarea (Table 3). Eight of these gene
families (omcl1001, omcl1016, omcl1018, omcl1241,
omcl1242, omcl1262, omcl1371 and omcl1531) were as-
sociated with specialized metabolite synthesis or trans-
port (Table 3). The family omcl1241, with four members
in H. fraxineus and one member in the other two spe-
cies, comprise homologs of the Versicolorin B synthase
(vbs) genes (Table 3). Similarly, omcl1371 has four mem-
bers in H. fraxineus compared to one member in H.
albidus and two in G. lozoyensis. Two of the gene fam-
ilies expanded in the ancestor of Hymenoscyphus/
Glarea, omcl1001 and omcl1531, encode homologs to
enzymes catalysing key steps in the lovastatin polyketide
biosynthesis pathway. A small number of genes associ-
ated with these expanding/contracting gene families
showed signs of functional divergence between the two
Hymenoscyphus species, i.e. the HYFRA_T00003353_1/
HYALB_T00010143_1, HYFRA_T00002327_1/HYALB_
T00002704_1 (both members of omcl1001) and the
HYFRA_T00000332_1/HYALB_T00012128_1
(omcl1018) gene pairs (Supplementary table S4), indicat-
ing a divergence of function of these gene pairs in the
two species. It should be noted that another group of
gene families that showed signs of rapid changes in
numbers of paralogous genes were families comprising
Vegetative incompatibility protein / HET homolog genes
(omcl1014, omcl1037 and omcl1185, Table 3).
Identification of the viridiol and hymenosetin BGCs in H.
fraxineus and H. albidus
Both H. albidus and H. fraxineus are known to produce
specialized metabolites that are harmful to their host
under laboratory conditions. On a general term, both
species have a large specialized biosynthetic gene cluster
(BGC) repertoire, and there were prominent overlaps in
the repertoire between H. albidus and H. fraxineus as
predicted by antiSMASH (Supplementary figure S1).
No likely viridiol BGC could be localized with the anti-
SMASH search algorithm. Assuming the viridiol cluster
in Hymenoscyphus is organized similar to the vid cluster
in Nodulisporium spp., the cluster would not encode for
a core gene and can thus not be detected by anti-
SMASH. The manual BLASTP search using the Baeyer-
Villiger monooxygenase VidF returned high scoring se-
quence alignments in both Hymenoscyphus species
(Fig. 3 A, Supplementary table S5). The best hit, named
vir7, in both Hymenoscyphus species showed a 64.4 %
identity to VidF and was located in a cluster containing
several P450 monoxygenases.
The synteny analysis demonstrated that both Hyme-
noscyphus candidate clusters contain homologs of most
genes of the Nodulisporium vid cluster (Fig. 3 A, Supple-
mentary table S5), indicating that they are indeed repre-
senting the putative viridiol (vir) BGC. Compared to the
vid cluster, both vir clusters in Hymenoscyphus have
gained an additional O-methyltransferase (vir6) and a
FAD-dependent oxidoreductase (vir16) (Fig. 3 A). The
synteny analysis further showed that the vir cluster is,
for the most parts, conserved between the two Hymenos-
cyphus species. Interestingly, vir3 genes in H. fraxineus
and H. albidus (HYFRA_T00008109_1 and HYALB_
T00010878_1) are among those genes that showed signs
of positive selection, or relaxed purifying selection, in
the two species comparison (Supplementary table S4).
A similar query of the H. fraxineus and H. albidus pro-
tein catalogues with protein sequences from the Fusar-
ium heterosporum equisetin (eqx) gene cluster yielded
high scoring sequence alignments for the eqx gene clus-
ter proteins EqxS, Eqx3, EqxC, EqxR, EqxF and EqxGin
H. fraxineus, while only EqxR, EqxF and partly EqxS
produced significant hits in the predicted H. albidus
proteome. The six significant hits in H. fraxineus were
located consecutively on scaffold 52 in the genome
forming the putative hymenosetin, hym, gene cluster
(Fig. 3B, Supplementary table S6). The antiSMASH scan
for BGCs identified the hymS, hymC and hymG in the
putative hymenosetin gene cluster in H. fraxineus gen-
ome but returned no hits for H. albidus. The hymS gene
belongs to the omcl1001 gene family which is expanded
on the branch to Hymenoscyphus/ Glarea, while the
hymG gene belongs to the omcl1371 gene family which
is expanded in H. fraxineus specifically (Table 3, Supple-
mentary table S6). The subsequent synteny analysis of
the putative hym BGC with the eqx BGC in F. hetero-
sporum showed that homologs of eqxD (a N-methyl-
transferase), eqxH (a P450 monooxygenase) and eqx11 (a
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NADP-dependent oxidoreductase) were missing (Fig. 3B).
However, neither eqxH nor eqx11 are involved in the
biosynthesis of equisetin [79, 80].
Discussion
H. albidus may be less well equipped to adapt to a
rapidly changing environment than H. fraxineus
The high synteny of the Hymenoscyphus genomes, ab-
sence of large genome rearrangements (this study) and
high similarity in e.g. CAZYme profiles as reported by
Stenlid and co-authors [19] indicates that more subtle
differences in gene content and expression contribute to
the observed difference in lifestyle between the two spe-
cies on European ash. TE activity can contribute to
faster evolution of virulence traits [20, 21], and in fact,
we observed almost twice as many TEs in H. fraxineus
as in H. albidus. This observation is in line with the re-
ports that some, but not all, filamentous pathogens have
high proportion of TEs and repeat-rich regions in their
genome; features which suggest faster evolution of viru-
lence traits [21, 83]. We acknowledge that the assembly
of H. albidus is more fragmented than the H. fraxineus
assembly. As repeat-sequences are hard to assemble with
short reads. This could potentially contribute to the dif-
ferences we observe between the two genomes. How-
ever, the patterns are not uniform for all TEs, there are
several TE families which appear to be more numerous
as well as longer in H. albidus. This suggests that
Table 3 OMCL gene families showing rapid changes in numbers of paralogs in Hymenoscyphus
Gene Familiy H. fraxineus H. albidus G. lozoyensis Median of other Description
Specific expansion in H. fraxineus
omcl1208 3 2 0 1 Multicopper oxidase / Laccase
omcl1241 4 1 1 1 Versicolorin B synthase homologs
omcl1267 5 2 2 1 PhospholipaseD like domain containing proteins (PFAM 13,091)
omcl1371 4 1 2 1 Major Facilitator Superfamily transporters
omcl1663 10 0 0 0 Protein of unknown function
Specific expansion in H. albidus
omcl1014 1 10 3 2 Vegetative incompatibility protein / HET homologs
omcl1166 0 16 0 0 Protein of unknown function
omcl1662 0 10 0 0 Protein of unknown function
omcl1037 2 6 2 1 Vegetative incompatibility protein / HET homologs
omcl1431 0 3 1 0 Ankyrin repeat containing proteins
omcl1473 1 3 0 0 Protein of unknown function
omcl1564 0 3 1 1 Protein of unknown function
omcl1661 0 1 0 0 Protein of unknown function
Expansion in ancestral species
omcl1001 22 23 23 7 NRPS/PKS, LovB homologs
omcl1004 9 9 13 6 Glycosyl hydrolase family 3
omcl1016 5 8 8 3 ABC transporters
omcl1018 6 5 7 2 NRPS
omcl1185 2 2 5 1 Vegetative incompatibility protein / HET homologs
omcl1204 1 2 9 0 Protein of unknown function
omcl1215 3 2 2 1 Contains pyridine nucleotide-disulphide oxidoreductase PFAM domain
omcl1242 2 1 3 0 PKS
omcl1262 2 3 3 0 NACHT domain containing proteins
omcl1311 3 2 3 0 Protein of unknown function
omcl1322 2 1 3 1 Protein of unknown function
omcl1385 3 2 2 0 Protein of unknown function
omcl1417 1 3 2 1 Protein of unknown function
omcl1444 2 1 2 1 Protein of unknown function
omcl1531 2 1 3 0 enoyl reductase, LovC homologs
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assembly quality is likely not the sole driver of the pat-
terns we observe. Furthermore, we observed approxi-
mately twice as many RIPs in the H. fraxineus genome
than in the genome of H. albidus, as well as a markedly
lower GC content ratio within TE regions compared to
the background genome in the former species. As RIP
tends to produce C to T mutations it could thus be
regarded as a relic of RIPs [33, 71]. Taken together, the
data suggested that the branch of Hymenoscyphus had
an TE invasion after it split from Glarea, which greatly
elevated TE percentages in the genome from 1.5 ~ 2 to
at least ~ 10 %. Thereafter, a second TE expansion may
have occurred specifically on the branch leading to H.
fraxineus.
The TE and RIP patters can also be considered against
the backdrop of the mating systems in H. albidus and H.
fraxineus [18] as changes in trophic strategies and/or in
breeding systems may have a vast impact on genome
evolution, e.g. accumulation of deleterious mutations in
selfing species [84]. It is often thought that transitions
from outcrossing to self-fertility would lead to an evolu-
tionary dead-end, i.e. eventually the extinction of species
[25, 85]. The dead-end hypothesis has been examined in
the genus Neurospora [35]. In this genus, different signa-
tures were observed in different TE families. In the most
abundant TE family Gypsy, lower copy numbers and re-
duced RIP frequencies were observed in selfing taxa of
Neurospora which was interpreted as a burst of Gypsy
family TEs specific to the outcrossing species [35]. In
Hymenoscyphus, the two species had approximately
similar copy numbers of Gypsy, but those in H. fraxineus
were on average much longer, and signals of RIP were
Fig. 3 Biosynthetic gene cluster (BGC) comparison of H. fraxineus and H. albidus BGCs associated with the production of viridiol and
hymenosetin. The clusters were identified using TBLASTX visualized by clinker: (a) Gene map of the known demethoxyviridin (vid) BGC from
Nodulisporium sp. (Nsp) and the identified homologous viridiol (vir) BGC from H. fraxineus nf4 (Hf) and H. albidus 111/1/4 (Ha). The structures of
the respective pathway products are shown; (b) Gene map of the known equisetin (eqx) BGC from Fusarium heterosporum (Fh) and the respective
homologous hym BGC from H. fraxineus nf4 (Hf) putatively responsible for hymenosetin production. In H. albidus, most likely a deletion event of a
10 kb fragment of genomic DNA took place within the hym cluster and lead to the absence of essential members of the hym cluster. The
structures of the respective pathway products are shown below
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also only observed in H. fraxineus. An increase of the
TE content has been associated with a pathogenic life-
style [24, 36]. However, given that both Hymenoscyphus
species appear to have extensive saprotrophic capacities
and produce phytotoxic substances [17, 19, 44, 48] it
seems unlikely that expansion of TEs is associated with
a change of lifestyle from saprotrophism to pathogen-
icity. It is possible that the TE expansion is simply the
result of differences in mating system since genomes of
outcrossing taxa tend to be capable to bear higher TE
load (higher efficiency of purifying selection) or have
higher efficiency of TE silencing by RIP compared to
selfing species [35]. Because transition to selfing is usu-
ally regarded as unidirectional and irreversible [86], we
thus extrapolate that the TE expansion within the Hyme-
noscyphus branch stopped or slowed down greatly in H.
albidus after the mating system transition but still con-
tinued in H. fraxineus.
Gioti et al. [35] pointed out that Neurospora selfing
species accumulate deleterious alleles (elevated ω) that
could be evidence for a relaxation of purifying selection
in protein-coding genes. In selfing species, an increased
hitch-hiking effect and reduced effective population size
would both reduce the effect of purifying selection and
lead to accumulation of deleterious alleles [87, 88]. In
our case, only a very limited number of genes showed
significant signals of positive selection (i.e. high ω), yet
more genes with signs of elevated ω were detected in the
selfing species H. albidus, possibly indicating that its
purifying selection is less efficacious compared to H.
fraxineus. Purifying selection together with genetic drift
are the major forces that drive divergence between ge-
nomes of outcrossing and selfing species, including
among transposable elements [30, 85, 89]. The latter is
also observed in the shorter mean lengths of TEs in H.
albidus, indicating that TE have been eroded at a higher
rate in H. albidus.
Taken together, the results from our comparison of
the two Hymenoscyphus species genomes can be inter-
preted as concordant with the dead-end hypothesis [35,
85], where the lack of adaptive potential in the selfing
species, H. albidus, leaves it poorly equipped to adapt to
a rapidly changing environment; in this case the invasion
of the out-crossing congener H. fraxineus that has as-
sumed the same ecological niche and competitively ex-
cluded H. albidus [90], and as a result drastically
reduced the population size of their host F. excelsior[4].
Signs of potential adaptive differentiation in the
specialized metabolite repertoire in Hymenoscyphus
The fungal genomes in this study had high similarity in
their compositions of both genic and intergenic regions,
especially when comparing the two Hymenoscyphus spe-
cies (H. fraxineus and H. albidus). However, focused
analyses of the H. fraxineus and H. albidus specialized
metabolite biosynthesis genes and BGC repertoire indi-
cate putatively adaptive changes in the fungi, that could
be a result of their adaption to different hosts or, less
likely, different trophic strategies [43, 91]. Although both
Hymenoscyphus species have relatively large BGC reper-
toires, the H. fraxineus genome appear to possess a
broader specialized metabolite arsenal than its congener.
The broad BGC repertoire in Hymenoscyphus is consist-
ent with the idea that specialized metabolites or metab-
olite functions may provide an adaptive advantage to
fungi interacting with other organisms, and with the
Hymenoscyphus species niche in leaf litter, where they
may need to protect their substrate, the degrading ra-
chises’, through antibiosis [17, 22, 38]. It has been re-
ported that the genome composition of the relatively
closely related species G. lozoyensis also indicates a large
potential to produce a diverse array of specialized me-
tabolites, in comparison to A. sarcoides [59, 92]. Our
analysis of the BGC repertoires and gene family expan-
sions agrees with these reports, suggesting the possibility
that the lineage leading to Hymenoscyphus/Glarea accu-
mulated duplications and neofunctionalisations of BGCs
over a relatively long evolutionary time frame. However,
when specifically comparing the two Hymenoscyphus
species, H. fraxineus appeared to have a slightly broader
specialized metabolite arsenal than H. albidus based on
the detected gene family expansions/contractions and
BGC repertoires. To understand the role of these, pos-
sibly adaptive, differences in the genome content for the
ecology of H. fraxineus or H. albidus, detailed analyses
of the BGCs are needed. This is perhaps best illustrated
by the analysis of the viridiol, vir, and hymenosetin, hym,
gene clusters.
A putative BGC for viridiol is present in each of the
examined Hymenoscyphus species. The identification of
the first complete viridiol (vir) BGC now allows the full
reconstitution of the biosynthetic pathway of viridiol and
its analogues known from H. fraxineus [39, 40, 42].
While the vir cluster structure has been completely reor-
ganized compared to the Nodulisporium sp. vid cluster,
the vir BGCs were for the most part conserved between
the two Hymenoscyphus species. Besides, the synteny ap-
peared to extend beyond the viridiol (vir) BGC as indi-
cated by the presence of other highly similar genes (i.a.
hydrolases) in the proximity of the vir cluster in both
producer organisms. Apparent divergence between the
vid cluster and both vir clusters can be linked to ob-
served structural differences between demethoxyviridin
and viridiol [78, 93]. Particularly, the presence of vir6
(an O-methyltransferase) and vir16 (a FAD-dependent
oxidoreductase) in the vir BGC correlates well with the
presence of a methoxy functionality in viridiol. Thus, the
lack of these genes in Nodulisporium sp. (now
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Hypoxylon cf. croceum [81]) may explain why this fungus
is not able to synthesize viridiol [78]. Taken together,
the identification and analysis of the viridiol BGC in H.
fraxineus and H. albidus further suggests that viridiol is
not involved in the pathogenicity of H. fraxineus and
that the vir cluster has already appeared before the two
fungi had diverged.
A specialized metabolite that may provide H. fraxineus
with an advantage when it comes to substrate capture in
planta, is hymenosetin. This metabolite is reported to be
secreted by virulent cultures of H. fraxineus and shows
broad-spectrum microbial activities [43]. In this study,
we identified the putative hymenosetin (hym) BGC in H.
fraxineus based on the known equisetin (eqx) BGC from
Fusarium heterosporum [79, 80]. Unlike the vir BGC,
which could be identified in both Hymenoscyphus spe-
cies, only a part of the central polyketide synthase-
nonribosomal peptide synthetase (PKS-NRPS) of the
hym BGC, hymS, as well as the transcription factors
hymF and hymR and three potentially unrelated genes
(hym1, hym2 and hym3) were identified in the H. albi-
dus genome. This observation together with the fact that
H. albidus never have been shown to produce hymeno-
setin despite extensive screening efforts (S. Halecker,
data not shown), suggest that the hym cluster, and cap-
acity to produce hymenosetin, may have has been lost in
this species. Presumably, a deletion event of a 10 kb
stretch of genomic DNA within the cluster lead to the
absence of essential members of the hym cluster in H.
albidus.
In H. fraxineus, the hym BGC comprised the PKS-
NRPS hymS, and genes encoding trans-enoyl reductase
(hymC), a putative Diels-Alderase (hymA), a transporter
(hymG) und two transcription factors (hymF, hymR). In
contrast to the eqx cluster, a N-methyltransferase, a
P450 monooxygenase and a NADP-dependent oxidore-
ductase gene were missing. The latter two of these have
been demonstrated to be not involved in the biosyn-
thesis of equisetin [79, 80] and thus it is likely that they
would not be needed for hymenosetin biosynthesis ei-
ther. The absence of the N-methyltransferase gene in
the hym BGC correlates with an unmethylated nitrogen
in the L-threonine of hymenosetin [43]. The additional
methyl group in the decalin scaffold of hymenosetin [43]
is possibly the result of different catalytic properties of
the methyltransferase domain of the PKS-NRPS core en-
zyme, while the conjugation of the polyketide unit to L-
threonine instead of L-serine is putatively based on the
substrate selectivity of the adenylation (A) domain.
Therefore, the identified candidate cluster hym would
fully account for the biosynthesis of hymenosetin in H.
fraxineus.
As mentioned above, BGCs and the production of spe-
cialized metabolites are often tightly associated with
ecological niche adaptation of fungi [22, 38] and thus
the BGC repertoire and composition are variable among
species. The likely loss of the hym BGC in H. albidus
and the findings that genes in BGCs either are members
of gene families showing signs of rapid expansions/con-
tractions (hymS and hymG) or are evolving non-
neutrally (vir3) are in line with the observations that
BGCs frequently show signs of diversification [38, 94],
suggesting some ongoing selection for changes in the
metabolome of Hymenoscyphus.
In conclusion, the genomes of H. fraxineus and H.
albidus show a high degree of synteny, but the results
from our analyses of the two species genomes indicate:
First, that the species have evolved somewhat different
specialized metabolite profiles since their divergence;
and secondly, in accordance with the dead-end hypoth-
esis, that the genomic signatures in H. albidus may sug-
gest that its transition to homothallism (selfing) made it
poorly equipped to adapt to maintain its ecological niche
in a rapidly changing environment and the invasion of
the out-crossing congener H. fraxineus.
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